A prototype of a fast switching valve designed for a digital hydraulic transmission has been manufactured and experimentally tested. The valve is an annular seat valve composed of a plunger connected with a direct electromagnetic moving coil actuator as the force producing element. Based on an elaborate optimization method the valve is designed to maximize the efficiency of a digital hydraulic motor targeted to a wind turbine transmission system. The optimisation method comprises a mathematical framework which predicts a valve switching time of approximately 1 ms with a peak actuator input power of 10 kW during switching (mean of approximately 250 W) and a pressure loss below 0.5 bar at 600 l/min. The main goal of this article is validate parts of the mathematical framework based on a series of experiments. Furthermore, this article aims to document the experience gained from the experimental work and to study and assess a moving coil actuators suitability for the application.
INTRODUCTION
Fluid power transmissions feature compact designs with high torque densities but traditionally also relatively low energy efficiencies, especially at part load. Recent advances in fluid power technology enable hydraulic transmissions to achieve higher efficiencies by use of digital hydraulic (DH) machines, also known as Digital Displacement R machines [1] [2] [3] . Digital hydraulic pumps and motors are a maturing technology, where progress have been made the last decades. Large scale DH machines suitable for wind turbines or wave energy transmission systems are being developed [4] and the very first large scale DH transmission systems are now being exploited commercially [5] . DH machines consist of a number of pistons and pressure chambers arranged around a crank shaft (or eccentric etc.) which each are connected to a low-and high pressure manifold through two independently electronically controlled seat valves. Figure  1 shows a hydraulic diagram of a single chamber and valves in a DH machine. The valves of each pressure chamber are controlled accordingly to the piston movement to either add or subtract oil from the high pressure manifold (pumping/motoring) or be disabled by keeping the low pressure valve (LPV) open for the entire piston cycle (idling). During idling operation, the pressure chamber is not pressurized which leads to lower energy losses. DH pumps/motors may potentially increase the efficiencies of fluid power transmissions as they are capable of maintaining high efficiencies, also when operating with relatively low displacements where traditional fluid power pumps/motors typically suffer from from low or mediocre efficiency [6] .
In DH pumps and motors a number of pistons are arranged around and connected to a crankshaft. The displacement of the pump or motor is controlled in discrete steps by changing the states of each pressure chamber between either motoring or pumping and idling. Figure 2 shows an example of the valve sequence for a motoring and a pumping cycle of a single pressure chamber. A core element of DH machines is the use of leakage free seat valves and relatively weak actuators using only little input power. The fast switching actuators are generally much weaker than the pressure forces acting to close the valves against their seats. However, by actuating the valves electrically at time instants synchronized to the piston movement the DH machine may be operated without needing to open nor close the valves against high pressure forces [7] . The derived prototype valve design tested in this paper is an optimum with respect to switching time and flow coefficient ( √ ∆p/Q) derived through an optimisation method proposed in [8] . Initial studies have shown that both the flow coefficient and the switching time influences the efficiency of DH machines significantly [2] . Today, no commercial large flow valves are available, which exhibits low enough switching time and flow coefficient for DH machines to constitute an attractive alternative to traditional drive train systems. The state of the art for fast switching large flow valves are prototype designs based on pilot actuated seat valves where a switching time of approximately 1.5 ms and a flow coefficient around 0.02 √ bar · min/l [9, 10] has been demonstrated. The valve in focus is a seat valve featuring an electromagnetic moving coil actuator. The results presented in this paper shows that the valve design may advance the state of the art of publicly known suitable valves, as a switching time of approximately 1.2 ms is documented and a flow coefficient of 0.001 √ bar · min/l is predicted based on the mathematical framework. This facilitates improvement of the efficiency of DH machines. Figure 3 shows pictures of the valve prototype. Initially the paper reviews the DH technology and a reference DH motor design the valve prototype is designed for. Then, focus is turned towards the mathematical framework which is validated through the tests that have been performed on the valve. Finally the measurements are compared to simulation results to assess the time dependent performance of the valve and to verify the mathematical framework.
BACKGROUND AND VALVE APPLICATION
The Digital Displacement technology was invented by a research team at the University of Edinburgh, who later founded the company Artemis Intelligent Power Ltd (AIP). AIP filed for patent of their first DH pump in 1989 [11] , and followed with the DH motor in 1990 [12] . Today, DH technology is commercially used, but only in applications with lower power levels than needed in the wind turbines e.g. in off road vehicles, trains etc. [13] . In 2011 Mitsubishi Heavy Industries announced plans for testing a wind turbine in the 7 MW class based on the Artemis technology, but detailed information is still not published [14] . Although no detailed information is available regarding valve performance or design specifications, the valves installed in the machine appear to be direct actuated seat valves, with a variable reluctance (solenoid) actuator as the force producing element, based on graphics included in the patent applications [15] [16] [17] .
Prior to optimisation of the design, knowledge of the valve application is needed. Therefore, a preliminary design of a DH motor have been made, see Fig. 4 . The preliminary design consists of a number of identical slices (wedding cake assembly). In principle, the rated motor power may be changed by changing the number of slices in the motor. The high pressure manifold distributes the high pressure oil to each pressure chamber which drives the piston and in turn drives the motor shaft through an eccentric. A sectional view of the reference design, including details of a single pressure chamber, is shown in Fig. 5 . Low pressure loss for the LPV is prioritized above pressure loss of the HPV to improve part load efficiency (due to flow through LPV during idling) therefore the LPV is positioned directly above the piston. The valves are manipulated by electromagnetic moving coil actuators which appear to be one of the fundamental differences between the reference design and state of the art DH machines using variable reluctance actuators. Initial studies [18] indicates that moving coil actuators have superior transient response compared to variable reluctance actuators. The main specifications of the reference DH motor design is shown in Tab. 
MATHEMATICAL FRAMEWORK
The prototype is a design optimum derived based on a mathematical framework developed through a research project [1] . An elaborate optimisation method for DH motors were presented in [8] where several sub domains are optimized based on a chosen valve topology. This involves a mathematical framework, including transient Computational Fluid Dynamics (CFD) models, heat transfer modelling, structural Finite Element Analysis (FEA) and transient electromagnetic FEA [1] . The valve prototype installed in the current experimental setup allows us to verify the transient performance of the moving coil actuator when closing the LPV. The transient performance is an important part of the mathematical framework as the valve switching time have been shown to have significant influence on the efficiency of DH machines [1] . Modelling of the valve closing specifically involves transient CFD analysis to describe the fluid forces that oppose the valve plunger when closing besides transient electromagnetic FEA to simulate the time dependent performance of the moving coil actuator. Details of these models are given in the following sections.
MODELLING OF FLUID FORCES
To derive an optimal actuator design for the application the actuator load must be determined. Therefore, transient CFD analysis have been utilized to determine the fluid forces (including acceleration of virtual mass) that oppose the plunger when closing. Based on the transient CFD analysis a lumped parameter model is derived which is simulated simultaneously with the transient electromagnetic FEA actuator model of the moving coil actuator.
The CFD simulations are carried out in Ansys Fluent where dynamic re-meshing and layering zones are used to incorporate the plunger movement in the simulation (see Fig. 6 , left). The fluid forces that oppose the plunger movement when closing are simulated with the plunger considered to be submerged in stationary oil. This neglects the flow related fluid forces which is a conservative assumption with respect to valve closing time as the flow induced fluid forces contributes to closing of the valve. Developing an accurate and fast executable model (lumped parameter) that accounts for the flow induced fluid forces is a time consuming task as it involves a number of transient CFD simulations. Also, the flow related fluid forces are not suspected to be significant since the valve closings are conducted when the piston velocity and hence the flow rates are low (see Fig. 2 ). The lumped parameter description of the fluid forces have been obtained using 2D transient CFD simulations in [19] :
where y p is the plunger position, m v denotes the virtual mass 3 Copyright c 2015 by ASME added due to acceleration of the surrounding fluid, B the viscous shearing coefficient, D the drag coefficient and k 1 ..k 5 are additional friction coefficients. The viscous shearing friction coefficient B is not part of the transient CFD simulations hence it is separately calculated from the shearing friction present in the inside of the bobbin region using the expression:
where ν is the kinematic oil viscosity, ρ the oil density, A b,inside and A b,outside the shearing area of the inside and outside of the bobbin respectively, g 1 and g 2 the inside and outside shearing layer thickness respectively (see Fig. 7 ). It is of interest to validate the fluid force model as it predicts the fluid forces to influence the closing of the valve significantly. A simulation of the transient CFD and the lumped parameter model is shown in Fig. 6 with a constant actuator force of 500 N. The acceleration shows that the plunger is slowed down considerably as the plunger comes near to the valve seat due to the increase in opposing fluid forces. Table 2 gives the fluid force coefficient values for the optimum design. 
ACTUATOR MODEL
To simulate the time dependent response of the moving coil valve actuator a transient electromagnetic FEA coupled with the lumped parameter model that describes the fluid forces is utilized. This enables us to validate both the actuator and fluid force model by comparing simulations with measurements (see the results section). The actuator geometry of the prototype is primarily rotation-symmetric, hence the problem is modelled as a two dimensional problem to limit the computational burden. Figure  7 show how the actuator prototype is parametrized when using the transient electromagnetic FEA to find the optimum moving coil actuator for the valve application. Modelling of the elec- tro magnetics is done by solving the magnetic vector diffusion equation with appropriate boundary conditions for the domain shown in Fig. 5 (including a surrounding air domain not shown in the figure) . The magnetic vector diffusion equation is expressed as [20] :
where σ is the material conductivity, A the magnetic vector potential, H the magnetic field strength, v the velocity of the conducting material, B the magnetic flux density and J e the externally generated current density. The external current density is solved using co-simulation of an external circuit coupled to the field solution. Eqn. 3 is solved with A as unknown using the software package COMSOL Multiphysics 5.0 AC/DC module scripted through Matlab. To solve Eqn. 3 knowledge of materials properties are needed for all domains. In particular, the initial magnetization curve (BH-curve) and the electrical conductivity σ must be known for all materials of the domain shown in Fig.   4 Copyright c 2015 by ASME The magnet strength and the steel path magnetization curve have been determined through experiments to improve the accuracy of the actuator model [21] . The magnet strength was determined by measuring the flux density around a magnet piece surrounded by air with a gauss meter. The electrical conductivity of the permanent magnets is approximated as zero since shell magnets are used in the prototype design. The used core material is low carbon construction steel where the magnetization curve is not specified. The magnetization curve have also been determined experimentally to increase the model accuracy. A toroid with the core material have been fabricated and used to experimentally measure the magnetization curve [21] . A typical value for the electrical conductivity of the core steel is used in the FEA. Material properties used in the model are summarized in Tab. 3. An example of the domain mesh used in the transient electromagnetic FEA is shown in Fig. 8 . The domain is split into sub domains where mesh topologies are chosen such that movement of the coil and plunger can be done without comprising the mesh quality. The mesh density are increased in areas around the coil regions to improve the model accuracy. 
STRUCTURAL FEA OF PLUNGER AND BOBBIN
In the actuator design the coil air gap acts as guide for the bobbin and plunger, hence the clearances must be relatively low. At the same time, the clearances must be sufficiently large to allow for free movement of the bobbin when deforming under pressure. The bobbin is compressed by the pressure because it has a larger surface area on the outside than the inside. To ensure that the air gap contains sufficient free space on both sides of the bobbin and coil at all pressure levels a static structural FEA have been carried out to determine the bobbins maximum deformation under the rated pressure of 400 bar. The FEA is carried out through the software package Ansys 15.0 Workbench.
To accurately predict the deformation of the bobbin (including plunger and coil) the mechanical strength of the coil wound onto the bobbin should be included in the structural FEA. Each turn of the wound copper coil is glued to the bobbin and/or the adjacent coil turns with a fast hardening glue. Since the coil is wound through a manual process, deviations in glue thickness are expected. Thus, predicting the mechanical strength of the Copyright c 2015 by ASME coil is a difficult and comprehensive task. Instead the deformation have been simulated with a solid copper ring attached to the bobbin (with dimensions accordingly the the coil) as a conservative estimate of the coils strength. The bobbin and plunger are designed to be manufactured in a carbon reinforced Poly-EhterEther-Ketone (PEEK) as this composite material exhibits high strength and low density [22] . The static structural FEA revealed a decrease in bobbin diameter of less than 10 µm at 400 bar both with and without the coil winding included in the FEA. Following Eqn. 2 the viscous shearing friction coefficient B only varies vaguely hence the plungers time dependent response is expected to be more or less independent of pressure. Unfortunately, it proved to be difficult to produce an accurate and symmetric prototype specimen using the carbon reinforced PEEK. Therefore, pure PEEK have been used in the prototype as it was easier to process. Without the carbon reinforcement the structural strength of the bobbin and plunger is decreased significantly. Similarly, static FEA have been performed to determine the increase in viscous shearing friction when deforming under pressure. Figure  10 shows deformation along the z-axis in a color plot. The maximum directional deformation correspond to a decrease in diameter of 0.167 mm which according to Eqn. 2 corresponds to an increase in B of approximately 600 % (from 2.4 to 12.5 Ns/m). At the time of maximum velocity the shearing friction equals approximately 70 N hence the transient valve response is expected to be somewhat dependent on the oil pressure that surrounds the plunger and bobbin. 
VALVE PROTOTYPE AND EXPERIMENTAL SETUP
The manufactured valve prototype and the experimental setup is installed in the fluid power laboratory at the Department of Energy Technology at Aalborg University. Figure 11 shows a CAD drawing of the prototype in a sectional view. The permanent magnets used in the valve prototype are neodymium shell magnets which have been glued together during assembly. The static magnetic field in the air gap have been experimentally verified (average static field is approximately 1 T) [21] . Also, the current-force ratio have been experimentally verified showing a close to linear relationship between coil current and electromagnetic force (current/force gain is 35 N/A) [21] . The coil has manually been wound onto the bobbin whilst fast hardening glue have been applied. Due to limited experience with the coil wounding process, the prototype coil thickness (b b b in Fig. 7 ) ended up exceeding the specified dimensions, even with less coil turns. This implies reduced air gap clearances hence the bobbin experience increased friction. Surprisingly, when moving the plunger in the assembled prototype a static friction force is present. This indicates that the the bobbin/coil is not fully lubricated which influences the transient response. For measurement of the valve plunger position, a rod is connected to the bobbin which is fed through the entire housing. At the far end of the rod, a permanent magnet is attached. A fixed Hall element, generating a voltage output that depends on magnetic flux density, is used to measure the valve plunger position. The prototype has been pressurized using a manual pump connected to a valve connection while the other valve connection is blocked. The valve, including the wire feed through has been pressurized up to 400 bar without leaking. The valve is designed to have springs installed preloaded with a force of 150 N, but during experiments these are omitted. Table 4 gives the actual specifications of the prototype with the design goal values in parentheses. The voltage step is supplied by a Pulse-Width-Modulation (PWM) power 6 Copyright c 2015 by ASME supply board controlled a Field-Programmable-Gate-Array unit. The PWM power supply board is of transiently supplying 20 A at 500 V. The plunger position, the input voltage and the coil current are measured and logged using an oscilloscope. 
EXPERIMENTAL RESULTS AND MODEL VALIDATION
The simulation results of the FEA actuator model and the lumped parameter fluid force model are compared against measurements. Initially, the pressure dependency of the Coulomb friction force is investigated for model accuracy and evaluation of the mechanical design. This is followed by tests of the actuators transient performance during valve closing under various pressures and input voltage levels.
PRESSURE DEPENDENCY
The structural FEA predicts the bobbin to deform when pressurized leading to increased shearing friction. In addition, the air gap clearance in which the bobbin have to move is reduced due to an inaccurate prototype specimen. This leads to a static friction force which indicates that the bobbin and coils shearing areas not are fully lubricated. The constant friction force varies with the pressure, as the bobbin deforms, which influences the transient performance. The static friction force have been determined at various pressures by slowly increasing coil current until movement of the plunger is initiated. Figure 12 shows the relationship between the static friction force and pressure. At large pressures, the static friction force constitutes 15-30 % of the available actuator force at max current. Therefore, a static friction term, as a function of pressure, is included in the simulation model to improve model accuracy. Furthermore, analysis of the transient response revealed that the viscous friction also varied with the pressure as predicted based on the static structural analysis and Eqn. 2. The structural FEA models the deformation as a function of pressure, however due to the inaccuracy of the prototype specimen, the simulation results are can not be used to estimate the shearing layer thickness accurately. As mentioned, the bobbin and coil are not fully lubricated, this implies that the bobbin and or coil is in contact with housing. When pressurized, the bobbin clamps around the inner actuator housing thus the structural FEA results are not applicable since the housing is not included in the model. Instead, the shearing friction have iteratively been tuned at various pressures for the measured and simulated transient response to comply. Further effort should be made to accurately model the friction as a function of pressure but this is disregarded since future prototypes are expected to be more accurately manufactured. 
TIME DEPENDENT RESPONSE
The time dependent response is examined with a voltage step given as input at different pressure levels. The voltage step is conducted by applying a fixed voltage level while the valve closes. Sample results are given in Fig. 13 where the measured coil current and plunger position and the corresponding simulations with the pressure being zero and 200 bar are compared. The average voltage given in both experiment and simulation is 270 V. The simulations and the measurements exhibit similar characteristics but some deviations occur. For instance, the measured plunger position is delayed in its response compared to the simulated. When the plunger is rapidly accelerated from standstill, stiction phenomenons may occur which oppose initiation of movement. This have not been included in the fluid force model given in Eqn. 1because initial studies indicates that stiction forces are small. When the plunger is close to fully open an increase in coil current is present both in the measurements and the simulations. This is partly because of a decrease in the generated back-emf as the plunger is slowed down but also because of an increased fluid force. Both the measurements and the simulations shows the plunger slows down before reaching the fully opened position. This indicates that the fluid force model predicts characteristic of the opposing fluid force, but it is not possible to conclude on the model accuracy as mechanical friction phenomenons are dominating the transient response of the valve prototype. The transient electromagnetic FEA appears to be relatively accurate based on the initial current rise which is similar. Table 5 shows the measured and simulated switching time at various voltage level and pressures. 
CONCLUSION
The time dependent response of a large flow fast switching hydraulic valve prototype has been experimentally tested. The valve prototype features a direct actuator seat valve where a moving coil actuator is used as the force producing element. The prototype design is modelled based on a mathematical framework which partially has been validated through the tests. The valve prototype, including wire feed through to the coil, showed to be leakage free up to a pressure of 400 bar.
FEA simulation of the actuator coupled with the lumped parameter fluid force model proves to be a relatively accurate method to predict the switching time of a fast switching hydraulic valve. Some deviations were seen in position and coil waveform in the transient response which are ascribed mechanical friction and fluid friction phenomenons which are not included in the simulations.
The moving coil actuator design uses the coil air gap as guidance when moving the plunger and bobbin. Using this approach should be done with caution as the bobbin and plunger have been shown through structural FEA to deform when pressurising the valve chambers. During testing of the valve prototype it was found that the time dependent response was strongly dependent on the pressure. This must be considered, especially in the high pressure valve since it experience high pressure levels. This can be avoided by designing the moving coil actuator such that the coil air gap and the bobbin guidance is separated. Furthermore, the air gap clearances are too small in the valve prototype design because of inaccuracies in the manufactured prototype. Therefore, the bobbin and coils shearing areas are not fully lubricated hence a static friction force is present.
Further work is to test the transient performance of the valve when conducting flow and to test the mechanical strength and robustness of the valve by running a large number of cycles.
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